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ABSTRACT
Steers fed a conventional diet were utilized to
determine the effects of various Zn supplements on ruminal
distribution of Zn.

Treatments consisted of a basal (B)

diet (no Zn supplementation) and B supplemented with equal
parts of Zn from either a polysaccharide complex of Zn (PCZn) or zinc oxide (ZnO).

Samples were fractionated into

four fractions: a cell-free fraction, a particulate
fraction and two microbial fractions.

After PC-Zn or ZnO

were dosed intraruminally, relative distribution of Zn from
each Zn source within each fraction was evaluated up to 8 h
postdosing.
Cannulated growing lambs were used to study the
effects of dietary concentrate level on utilization of Mg
and Zn.

Treatments consisted of concentrate:forage (C:F)

ratios of 14:86, 43:57 and 71:29.

Changes in ruminal

absorption of Mg and Zn, and intestinal flow of these
minerals associated with various fractions of ruminal
contents were evaluated across treatments.
Harvested ruminal fluid bacteria from cannulated
cattle fed diets with normal and high Zn levels were
subjected to two treatments, a strong detergent or a
protease-acid, to estimate the amount of bacterial Zn
released into solution as a result of these treatments.
Dietary Zn appeared to become rapidly associated with

the microbial and particulate fractions.

Further,

Zn concentrations in all fractions of whole ruminal
contents were higher (P < .05) in the PC-Zn supplemented
steers compared with the ZnO supplemented steers.
Bacterial intestinal Mg and Zn flow increased (P <
.01) with increasing C:F.

Further, Mg absorption was not

affected (P > .05), but ruminal Zn absorption declined (P <
.05) with increasing C:F.
Results suggest that dietary Mg and Zn became
associated with the microbial matter in the rumen to a
great extent and that PC-Zn was ineffective in lowering Zn
uptake by ruminal microorganisms.

Further, microbial

incorporation of Zn may lower the amount of Zn available
for ruminal absorption and that the extent of this
incorporation may increase as dietary concentrate level
increases.

The availability of microbial Zn postruminally

is less certain; although a great proportion of Zn may be
released from bacteria when subjected to the acid
conditions of the abomasum.

CHAPTER I
INTRODUCTION
Adequate amounts of essential minerals must be
supplied in the diet for proper metabolic function of the
animal.

The amounts required can depend on the animal1s

age, production level, available tissue reserves and
bioavailability of the mineral source.

Solubility of the

mineral in the digestive tract is requisite for absorption
(Ivan et al., 1979) and can be a function of the mineral
source and formation of insoluble complexes in the
gastrointestinal tract.

It is well established that

ruminal microorganisms have the ability to modify dietary
nutrients presented to the rumen, and have been shown to
concentrate dietary macro- and micro-minerals in quantities
seemingly unrelated to their requirements (Durand and
Kawashima, 1980).

Therefore, it has been suggested, that

this microbial association may reduce concentrations of
available minerals in the alimentary tract of the ruminant.
Unfortunately, mineral absorption experiments have not
simultaneously quantified microbial mineral concentrations;
therefore little is known of the interrelationships between
mineral content of ruminal microbes and mineral utilization
in ruminants.

If microorganisms are able to render

minerals unavailable, then feeding supplements that resist
microbial association may be justified.

1

The objectives of the following experiments were to:
1. determine the effects of a conventional Zn
source (ZnO) or a polysaccharide-complex Zn source on
relative concentrations of Zn in the soluble fraction,
particulate fraction and the fluid and particle microbial
fractions of WRC.
2. determine the effects of Zn source on chemical
composition of ruminal fluid and particulate
microorganisms.
3. determine the effects of dietary concentrate
level on ruminal absorption of Mg and Zn.
4. determine the effects of dietary concentrate
level on the intestinal flow of Mg and Zn associated with
ruminal bacterial DM.
5. determine the amount of Zn associated with the
bacterial cell wall.
6. determine the extent of Zn released from
bacteria when subjected to abomasal-like conditions .

CHAPTER II
LITERATURE REVIEW
Distribution of Minerals in Ruminal Contents
Zinc concentrations of ruminal microorganisms have
been shown to increase some 10 to 500% over the Zn content
of the diets fed (Mitchell and Tosic, 1949; Martinez, 1970;
Durand and Kawashima, 1980).

It has also been demonstrated

that increasing the dietary level of Zn increases the
amount of the element associated with microbial fractions
(Durand and Kawashima 1980).

Bremner (1970) fed sheep a

dried grass diet and reported that while 75% of the Zn in
dry grass was water soluble, only 5 to 10% of the Zn in the
rumen was in a water soluble form.

It was further noted

that the Zn concentration in the ruminal particulate
fraction (undigested feed and adherent microorganisms) was
nearly four times greater than in the soluble DM.
Therefore, it has been suggested that low soluble
concentrations of Zn in the rumen, relative to the diet, is
likely the result of the high incorporation of Zn into
microbial DM and (or) formation of insoluble complexes
(Bremner, 1970; Durand and Kawashima, 1980; Ivan and Veira,
1981).
While there is general agreement that a great
proportion of Zn and other minerals of ruminal contents are
associated with the microbial cells, the distribution of Zn
3

within the cell itself is less certain.

However, it is

thought that a large proportion of Zn could be nonspecifically bound to microbial cell walls (Failla, 1977).
Further, microbial cell walls contain teichoic acid, an
acid with a strong capacity to bind Mg and other ions (Fitt
et al., 1972).

It has been suggested that one of the main

functions of teichoic acid in gram positive bacteria is to
bind divalent cations and to provide the cell wall enzymes
with the proper ionic environment (Failla, 1977).

In an

earlier study, Mills (1958) demonstrated that the greater
part of the Cu associated with microbial cells was found in
the cell wall fraction rather than in the water soluble
cellular contents.

Zinc and Mg function in maintaining the

integrity of the bacterial cell wall possibly through the
anchoring of lipopolysaccharides or by mediating the
attachment between the cell wall and cell membrane (Failla,
1977).

Consequently, significant concentrations of these

metals can be associated with this fraction (Fitt et al.,
1972; Failla, 1977; Jasper and Silver, 1977).

Magnesium

and Zn are also integral components of several
intracellular enzyme systems found in bacterial cells
(Failla, 1977; Jasper and Silver, 1977).

However,

quantification of the amount of minerals associated with
different fractions of the microbial cell is limited mainly
due to the difficulty in removing non-specifically bound

metals from the cell surface without damaging the cell
membrane (Failla, 1977).
The largest sources of microbial matter in the
ruminant feces are the indigestible cell walls of bacteria
plus cells from fermentation in the large intestine (Van
Soest, 1982).

In addition, Fitt et al.

(1972) reported no

mammalian enzyme had been isolated that was capable of
hydrolyzing teichoic acid.

Therefore, if a large

proportion of Zn, Mg and possibly other minerals become
irreversibly bound to these unavailable portions in the
rumen, absorption of minerals in the rumen and lower tract
may be compromised.

In a study with rats, Smith et al.

(1972) reported that rats without intestinal microflora
exhibited a lower requirement for Zn than conventional
rats.

Price and Chesters (1985) fed chicks isolated

ruminal contents from sheep, and found that the relative
availability of Cu associated with the bacterial pellet,
was less (11 versus 40%) when compared to the Cu contained
in the soluble fraction of the ruminal contents.

However,

the solid fraction, primarily bacteria, made the greatest
contribution to the available Cu pool in the duodenum.
This suggests that the majority of Cu was associated with
the bacteria and a significant amount is released when
subjected to the conditions of the lower tract.

Although

few in number, these studies provide evidence that a
proportion of a mineral associated with ruminal contents

6
may potentially be unavailable to the animal, and may
further suggest, a need for mineral sources that are able
to circumvent or bypass microbial incorporation.
Chelation of Dietary Minerals
Chelation is a term that has been used to describe a
reaction which involves a complex formation between a
ligand and a metal ion.

Chelate formation may enhance or

antagonize the absorption of cations such as Ca, Mg and Zn.
In monogastric animals, it is well established that the
presence of phytic acid in the diet can increase the Zn
requirement of the animal

(O'Dell et al., 1964; Savage et

al., 1964) by forming a chelate or metal complex with Zn in
the small intestine (O'Dell et al., 1964).

Zinc phytate is

highly insoluble at the pH of the small intestine;
therefore is poorly absorbed (O'Dell et al., 1964).

Miller

(1967) reported isolated soybean protein infused directly
into the abomasum lowered Zn absorption in calves, but had
no effect when passed through the rumen.

Others have shown

that adding phytic acid to purified diets did not
significantly contribute to a Zn deficiency in lambs (Ott
et al., 1964; Mills et al., 1967).

These effects are

plausible since phytic acid is presumably broken down in
the rumen (Miller, 1970).

However, phytic acid may lower

Zn uptake in ruminants if significant quantities bypass
ruminal degradation.

Another chelating agent, EDTA may

largely alleviate the adverse effects of phytic acid on Zn

absorption when added to the monogastric diet (Smith et
al., 1962; O'Dell et al., 1964).

Unlike Zn-phytate, the

Zn-EDTA complex is soluble in the luminal conditions of the
small intestine; therefore EDTA probably functions by
increasing the solubility of Zn by competing with phytate
for Zn binding (O'Dell et al., 1964; Vohra and Kratzler,
1964).

Addition of other compounds similar to EDTA have

also been effective in improving growth of Zn deficient
turkey poults (Vohra and Kratzler, 1964).

More recently,

picolinic acid has been shown to promote true Zn absorption
in rats (Evans and Johnson, 1980 a b ) .

In contrast,

picolinic acid did not appear to enhance Zn absorption
across everted rat intestine (Hill et al., 1987), or in
cattle (Flagstad, 1981), sheep (Ivan and Lamand, 1981) and
swine (Hill et al., 1986).

For a chelate to function

properly it should maintain the dietary metal in soluble
form (Hill et al., 1987) and have a stronger stability
constant for the metal than ligands present in the feed and
a weaker stability constant than ligands in the tissue
(Vohra and Kratzler, 1964).
There are few studies that substantiate the efficacy
of mineral chelates in ruminants (Patton, 1990).

It should

be anticipated that the majority of chelating agents and
their metal complexes are broken down by ruminal
microorganisms.

Therefore, surviving ruminal degradation

or incorporation by the bacteria is a main concern when

establishing the efficacy of chelates in ruminants.

There

is some evidence that chelates do exist that have the
ability to resist microbial intervention.

Ivan (1979)

showed that intraruminal dosing of nitrilotriacetic acid, a
heavy metal chelate, lowered the uptake of 54Mn and 65Zn by
ruminal bacteria and protozoa in rams.

In a later study,

Ivan and Lamand (1981) observed increases in soluble Zn
concentration in the rumen of sheep orally dosed with
picolinic acid, and suggested that a Zn-picolinic acid
complex may have prevented the uptake of Zn by ruminal
microorganisms.

Heinrichs and Conrad (1983) used a

microbial growth curve assay to determine the utilization
of Zn methionine by ruminal microorganisms.

In this study,

isonitrogenous levels of Zn methionine, DL-methionine and
urea were added to a N-free but, otherwise, nutritionally
complete medium.
ruminal fluid.

The growth medium was inoculated with
The microbial growth curve indicated that

the microorganisms did not utilize Zn methionine for growth
over a 96-h period.

To the author's knowledge there is no

in vivo data on the ruminal escape potential of Zn
methionine.

Others (Brethour, 1984; Green et al., 1988;

Spears, 1989) have shown that Zn methionine may have the
potential for improving carcass quality, performance and Zn
utilization in ruminants.

Spears (1989) reported that

growing heifers fed Zn methionine had lower plasma urea N
than animals fed ZnO on d 42 of 126-d growth trial.

This

suggests a greater utilization of amino acids for protein
synthesis in the Zn methionine-fed heifers.

Further, Zn

methionine-supplemented heifers tended to grow faster and
more efficiently for the 126-d study.

Although methionine

in the form of Zn methionine may not be utilized by ruminal
microorganisms, the possibility exist that positive effects
observed were the result of methionine rather than from
zinc.

However, the methionine supplied in the study by

Spears (1989) was approximately 3 60 mg/d, a relatively
small quantity when compared to the estimated methionine
requirement (11.3 to 14.9 g/d; Owens and Bergen, 1983) for
growing cattle.

Complexing Zn with methionine could

increase Zn absorption by preventing Zn from forming
insoluble complexes in the digestive tract or by
facilitating Zn transport across the intestinal mucosa
(Spears, 1989).

While the Zn-methionine complex has been

tested in several studies, little information is available
on the ruminal fate and effect on performance of other
organic Zn complexes.
Effect of Dietary Fiber on the Availability of Minerals
from the Digestive Tract
The cation exchange capacity of the plant cell wall is
very significant and has been implicated as a possible
factor affecting the availability of Zn, Fe and Cu in
nonruminants (Van Soest, 1982).

Ismail-Beigi et al.

(1977)

found cellulose (Whatman No. 3 filter paper) addition to a
low and high fiber diet consumed by men increased the fecal
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excretion of Zn, Ca and Mg, and suggested that the impaired
absorption of these metals was due to the ability of fiber
to bind divalent cations firmly under conditions in the
small intestine.

The major components of wheat fiber that

bind divalent metals are cellulose, HC and lignin (IsmailBeigi et al., 1977).

Increasing the roughage:concentrate

ratio obviously will change the amount of dietary fiber
presented to the rumen as well as the small intestine.
Miller and Cragle (1965) reported a positive correlation
between DM digestibility and Zn absorption and suggested a
relationship between Zn and undigested residues in the
digestive tract.

Further, Legg and Seers (1960) observed

lesions resembling Zn deficiency in cattle grazing forage
containing over 18 ppm of Zn.

While low Zn availability in

these studies is possibly due to low digestibility of the
forage, several other studies have shown that the majority
of Zn is released from a variety of forages when subjected
to ruminal conditions (Bremner and Knight, 1970; Rooke et
al., 1983; Emanuele and Staples, 1990).

Although the

cation exchange capacity of indigestible residues of
various forage remains substantial (Van Soest, 1982), the
role of dietary fiber in divalent cation absorption in the
ruminant has been largely ignored.
Comparison of Chemical Composition Between Ruminal Fluid
and Particle-Associated Microorganisms
Chemical composition has been shown to differ between
ruminal fluid and particle-associated microorganisms (Merry

11
and McAllan, 1983; Craig et al., 1987a).
Craig et al.

In particular,

(1987a) reported that fluid microorganisms had

higher ash and nucleic acid contents, but lower
polysaccharide levels when compared with particleassociated microorganisms.

In the same study, no

differences in total N and lipid content were observed
between populations.

In contrast, Merry and McAllan (1983)

observed less total N but higher lipid content in the
solid- versus the liquid-associated microorganisms.
Therefore, it has been suggested that when studying the
chemical composition of ruminal microorganisms,
measurements should be made on both the fluid and particleassociated microbes.
Previous studies have not quantified individual
minerals of the particle-adherent bacteria of WRC.
Microbial attachment to feed particles is important for
efficient degradation of plant cell walls (Latham et al.,
1978; Akin and Barton, 1983).

Further, it has been

established that all ruminal bacteria produce extracellular
structures (i. e. glycocalyx) most of which consist of a
fibrous carbohydrate slime (Cheng et al., 1977) and appear
to function in the attachment of the microorganisms to
plant cell walls (Akin et al., 1974).

However, the exact

chemical events responsible for microbial attachment to
particles have not been clearly elucidated.

One theory is

that the polysaccharide fibers of the glycocalyx, which for

12
the most part are negatively charged, can form a polar bond
with higher cell polysaccharides by way of divalent
positive ions in the medium (Costerton et al., 1978).
Therefore, microbial attachment to the plant cell wall may
be facilitated by ions such as Zn and Mg linking two
negatively charged surfaces.

Little et al.

Martinez and Church (1970) increased in

(1958) and

vitro cellulolytic

digestion by supplementing the growth medium with Zn.
Further, Zn and other cations (principally Ca and Mg) are
present in bacterial cell walls, and it has been theorized
that these possibly contribute to the binding of microbial
cells to feed particles or to other cells (Durand and
Kawashima, 1980).

Therefore, when compared with the fluid

population, particle-associated microorganisms may have a
higher requirement for Zn for cellulolysis and (or)
attachment to feed particles.
Role of Gastrointestinal
Minerals

pH

on Solubility and Absorption of

It has been claimed that apparent differences in
mineral solubility and subsequent absorptive capacity of a
mineral at different regions of the small intestine are
related to pH (Kroe et al., 1966).

Hydrogen ions compete

with other ions for binding sites on potential ligands
(Bremner, 1970); therefore, more binding of essential
elements to insoluble ligands likely occurs in high pH
environments of the gastrointestinal tract.

Concentrations

of soluble Zn, Mn and Mg have been shown to increase as

gastrointestinal contents moved from the rumen (pH = 6.5)
to the abomasum where the pH is very low (pH = 2 to 3;
Bremner, 1970; Grace et al., 1977; Ivan et al., 1983).
Although secretion and absorption of these metals can play
a role in soluble mineral concentrations in the
gastrointestinal tract, Bremner (1970) further demonstrated
that in

vitro acidification of ruminal contents increased

soluble Zn and Mn concentrations.

While pH changes in the

lower tract are mostly under physiological control, ruminal
pH can be dramatically influenced by the diet.

For

example, substituting equal parts of forage with RFC can
significantly lower the minimum diurnal pH of the rumen
(Wedekind et al., 1986).

The RFC include sugars and

starches of the cell contents of plants and are highly
soluble in the ruminal fluid and represent a highly
available source of energy for ruminal microorganisms.
The rumen has been implicated as the primary site of
Mg absorption (Tomas and Potter, 1976), and the soluble
concentration of Mg in ruminal contents likely influences
the rate of Mg absorption (Field, 1981).

Therefore, any

factor which decreases the concentration of Mg ions at the
absorptive site will adversely affect the rate of Mg
absorption (Grace et al., 1988).

Magnesium incorporation

by microbial cells could alter ruminal absorption of Mg.
It has been shown that uptake of Mg by isolated cell walls
is directly proportional to Mg concentration and pH (Fitt
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et al., 1974).

Therefore, addition of RFC to diets, may

decrease Mg binding to microbial cell walls by lowering
ruminal pH.

In some instances, additions of various RFC

have improved Mg absorption in ruminants (Fontenot et al.,
1989).

Supplementation with glucose increased Mg

absorption in sheep fed hay, but had no effect when added
to vegetative grass (Madsen et al., 1976).

Starch

supplementation had no effect on Mg absorption but sucrose
increased Mg absorption in lambs fed a semipurified diet
with varying N:RFC ratios (House and Mayland, 1976).

When

lactose made up 36% of lucerne-based diet, Rayssiguier and
Poncet (1980) observed increases in Mg absorption from the
stomach region and suggested that increased Mg uptake may
have been the result of changes in fermentation patterns of
the rumen.

Total VFA concentrations have been shown to

increase with RFC and may provide an energy source for the
active transport of Mg across the ruminal wall (Rayssiguier
and Poncet, 1980).

Giduck et al.

(1988) observed

intraruminal glucose infusions lowered ruminal pH and
increased VFA concentrations, Mg solubility and apparent
absorption.

However, when HC1 and VFA were infused to

simulate the ruminal fermentation pattern associated with
glucose fermentation, no effect on Mg absorption was
observed.

It was concluded that pH and VFA did not appear

to affect ruminal Mg absorption.

In contrast, a negative

correlation between Mg absorptive efficiency and ruminal pH
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has been observed (Horn and Smith, 1978).

Some evidence

was obtained suggesting a causal relationship, since HCl
added to the rumen significantly increased Mg absorption
(Horn and Smith, 1978).

The mechanism by which RFC

supplementation increases Mg absorption is equivocal.
While adsorption of minerals to the cell surface is
directly proportional to pH (Fitt et al., 1972; Failla,
1977), there is evidence that suggests mineral uptake or
transport across the microbial cell membrane could be
inversely related to pH (Failla, 1977).

Further,

microorganisms may have the ability to secrete natural
chelates that bind with minerals facilitating their uptake
by increasing the solubility of the mineral in the external
environment (Failla, 1977).

Consequently, as with other

nutrients, bacterial uptake of minerals may be a function
of their solubility in the rumen.

Since mineral solubility

is inversely related to pH, bacterial mineral uptake in the
rumen may be a function of pH.

Therefore, it is plausible

that mineral uptake by bacteria may be altered by dietary
regimen.

To our knowledge, the interrelationship between

ruminal pH and microbial uptake and absorption of Mg has
not been investigated.

Information on the microbial

incorporation of Mg and effects on metabolism of Mg by the
ruminant may result in a better understanding of the
etiology associated with hypomagnesemia tetany.

The rumen has not been considered a major absorptive
site for Zn (Miller, 1970); although, it has been shown
that excised ruminal tissue was capable of absorbing large
amounts of 65Zn relative to other gut tissues (Arora et
al., 1969).

In studies quantifying Zn absorption in

ruminants, microbial incorporation of Zn may confound the
evaluation of the rumen as an organ where significant Zn
absorption could occur.

Further, if the ruminal microbial

uptake of Mg and Zn is affected by pH and availability of
these minerals is reduced, then dietary requirements of Mg
and Zn, and possibly other minerals, may change under
certain feeding regimens.
Effect of Roughage:Concentrate Ratio on the Extent of
Microbial Protein Synthesis in the Rumen
Efficient microbial protein synthesis in the rumen
requires that energy from fermentation be supplied at a
rate that corresponds to the metabolic requirements for
synthesis by ruminal microorganisms (Oldman et al., 1977).
Readily fermentable carbohydrates such as sugars and starch
have been found to improve N uptake by ruminal bacteria
(Offer et al., 1978; Stern et al., 1978; Stern and Hoover,
1979).

The ability of starch to promote N utilization is

likely related to energy yield during fermentation, and
variation in carbohydrate source may lead to differences in
the extent of bacterial growth in the rumen (McAllan and
Smith, 1976; Stern and Hoover, 1979).

When starch was

added to replace part of the cellulose in the diet,
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increased N utilization was observed (Offer et al., 1978;
Stern et al., 1978).

More recently, Wanderley et al.

(1987) reported that bacterial protein and DM reaching the
duodenum in steers was 55% and 69% higher, respectively,
for the grain (80% sorghum) diet than for the 100% forage
diet.

This indicates that more microbial protein and DM

were synthesized in the rumen of the grain-fed steers.
Grubb and Dehority (1975) reported that bacterial
concentrations were higher in the rumen of sheep (256 x 108
versus 57.1 x 108/g wet ruminal contents)

fed a 100% hay

diet compared to those fed a 60% corn-40% hay diet.

In

general, bacterial concentrations have been shown to be
higher in animals consuming a high concentrate diets
(Hungate, 1966; Mackie et al., 1978; Dehority and Grubb,
1980; Leedle and Hespell, 1980).

However, factors such as

percentage of concentrate in the diet, level of intake,
feeding frequency, sampling time and individual animal
variation all can influence bacterial concentration
(Dehority and Orpin,

1988).

As with bacteria, ruminal

protozoa have been shown to increase in number as the
amount of available energy increases (Dehority and Orpin,
1980).

However, decreased ruminal pH incident to RFC

feeding may also decrease total protozoal numbers.
Ruminal bacteria and protozoa have the ability to
concentrate minerals in large quantities apparently
unrelated to their requirements.

Ivan (1979) reported two

fold higher 65Zn concentrations in bacteria than in
protozoa.

Further, numbers of ruminal bacteria have been

found to be much higher in defaunated (without protozoa)
than faunated animals (Eadie and Hobson, 1962; Eadie and
Gill, 1971), in which there is likely significant protozoal
predation.

Consequently, as bacterial mass increases as a

result of greater energy availability and (or) a decline in
protozoan numbers, minerals associated with microbial
matter may also increase.

Therefore, if ruminal

microorganisms alter mineral availability in the rumen as
well as the lower tract, requirements by the animal for
specific minerals may be altered depending on the dietary
roughage;concentrate ratio.

CHAPTER III
EXPERIMENTAL PROCEDURES
Experiment 1
General
Six Holstein steers (335 kg initial w t ) , equipped with
ruminal cannulae, were fed 4 kg of DM from the B diet
(Table 1) twice daily.

The three treatments were no Zn

supplementation, and Zn supplementation from either PC-Zn
(manufactured from kelp; Quali Tech Inc. Chaska, MN 55318)
or ZnO.

At 0700 throughout the dietary adjustment, the

steers were provided 208, 920 and 896 mg Zn/d from B, PC-Zn
and ZnO, respectively (Table 1).

The total daily

supplements of Zn were provided once daily (0700) in order
that Zn supplementation during the adjustment period would
coincide with the single pulse dose of Zn (800 mg)
administered during the collection period.
steers were fed the B only.

At 1700 all

During the adjustment period,

steers were trained to consume their total rations within 1
h after feed was offered.

No Zn supplements were fed on d

15 of each experimental period.

At 0800, steers were

immediately dosed intraruminally with 150 ml Cr-EDTA (9.2
mg Cr/ml; Binnerts et al., 1968), a fluid passage marker,
and 800 mg Zn from each Zn source added to 14 g of ground
corn.

Steers on B received ground corn only.
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TABLE 1. INGREDIENT AND ZINC COMPOSITION OF
THE DIETS FED IN EXPERIMENT 1
Diets
Ingredient

B

PC-Zn

Alfalfa hay, % as-fed

60

60

60

Ground corn, % as-fed

39

39

39

Trace mineralized salt3, %

.5

.5

.5

Monoammonium phosphate, %

.5

.5

.5

Zinc, mg/kg DM

26

115

112

aProvided, per kg of diet: 4.9 g NaCl, 15.0 mg Mn,
.250 mg Cu, 9.5 mg Fe,

.25 mg I, .254 mg Co.

ZnO
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Sample Collection and Processing
Whole ruminal contents was sampled at 1, 2, 4, 6, and
8 h after dosing and partitioned into four fractions
(Figure 1).

To ensure representative sampling, subsamples

were taken from the reticulum, and caudal and medial areas
of the ventral and dorsal sacs using a 100 ml plastic
beaker.

The subsamples from each steer were pooled and SRF

was obtained by squeezing WRC through eight layers of
cheesecloth which separated the fluid and particulate
fractions.

Residual particle subsamples (50 g wet basis)

were frozen for subsequent analyses and are defined as
undigested feed and associated microorganisms.

The SRF was

filtered again though eight layers of cheesecloth and a
cell-free supernatant liquid and fluid microbial pellet
were obtained by centrifugation (25,000 x g, 4° C, 30 min) .
One-hundred ml aliquots of cell-free supernatant liquid
were acidified with 4 ml of 5 N HCl and stored at 4° C.

A

portion of particle microorganisms were harvested (Figure
1) at the 2-h time point only, using a modified procedure
described by Olubobokun et al.

(1988).

The residual

particles (200 g wet basis) were placed in plastic bottles
containing 600 ml of .85% (w/v) saline solution, chilled in
crushed ice for 1 h, blended for 5 s, and successively
washed four times with 250 ml of saline through eight
layers of cheesecloth.

The fluid was then
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FIGURE 1. SCHEMATIC OF THE PROCEDURE FOR PARTITIONING
WHOLE RUMINAL CONTENTS - EXPERIMENT 1
WRC

Strained through 8 layers
of cheesecloth
‘Particulate Matter

SRF

Strained through
8 layers of cheesecloth

Blended and washed
.85% saline

25,000 x g, 30 min.

r
Cell-free
Supernatant
Liquid

l

Fluid Microbial
Pellet

Strained through
8 layers of cheesecloth

Extraction fluid
recovered

25,000 x g, 30 min.

Particle Microbial
Pellet
‘Laboratory analyses were performed on these fractions.

strained through eight layers of cheesecloth and
centrifuged (25,000 x g. 4° C, 30 min.) to obtain a pellet
defined as particle microorganisms.

Although the percent

removal of particle microorganisms was not measured in this
study, Olubobokun et al.

(1988) using a similar extraction

technique and diaminopimelic acid as a microbial marker
indicated that from 32 to 50 % of the particle
microorganisms were liberated from the ruminal particles.
It was assumed that the sample of particulate microbes
obtained were representative of the total particle
microbial population (Olubobokun, 1987).

Supernatant

liquids and pellets were preserved and stored by the
procedure described above.
Laboratory Analyses and Calculations
After appropriate dilutions, all supernatant liquids
were analyzed for Cr and Zn by atomic absorption
spectrophotometry.

The residual particles, fluid and

particle microbial pellets were lyophilized allowed to air
equilibrate for 3 d, weighed and analyzed for DM and ash
content (AOAC, 1984).

Dry-ashed samples were solubilized

with 10 ml of 6 N H C 1 , allowed to reflux at 98°C for 1 h
and analyzed for Zn by atomic absorption spectrophotometry.
Preliminary studies showed that Zn concentrations of dryashed samples and samples digested in nitric acid followed
by oxidation with hydrogen peroxide were similar.
Microbial pellets from fluid and particle populations were
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also analyzed for CP (% organic matter) by Kjeldahl
analysis (AOAC, 1984).

Ruminal microbial DM obtained are

expressed as mg of microbial DM/ml of SRF and mg microbial
DM/ml SRF equivalent for fluid and particle microbial
populations, respectively.

Expressing values on a SRF

equivalent basis allows valid comparisons between fluid and
particulate components of ruminal contents (Olubobokun,
1987) .

The particle microbial DM concentration was

calculated by the equation below:
mg DM/ml SRFE =

microbial DM (mg)
-------------------------------g PDMe x ml SRF/g PDMt x C

where PDMe is the particle DM used for the
extraction of particle microorganism, SRF/PDMt is
the ratio of fluid:particle DM obtained during
collection and C (correction factor)

is the

volume (1400 to 1500 ml) of the saline solution
centrifuged divided by the initial volume (1600
ml) of the saline solution.
The correction factor is necessary because a portion of the
saline solution was retained in the residual particle mass
and cheesecloth.

Zinc concentrations of fluid and particle

microbial samples and particulate matter are expressed as
ug Zn/g DM and as ug Zn/ml of SRF.

Soluble Zn and Cr

concentrations were analyzed by atomic absorption
spectrophotometry by direct aspiration of the cell-free
supernatant liquid.

Ruminal fluid dilution rates were
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calculated by regressing the natural logarithm of the Cr
concentration on time.

Ruminal volume was determined by

dividing the amount of Cr dosed by the concentration of Cr
extrapolated to zero time (h = 0).
Statistical Analyses.
The experimental design used was a 3 X 3
(Steel and Torrie, 1980).

Latin Square

General Linear Models (SAS,

1986) procedures were used in the analysis of variance
among treatments, periods, and groups (2 steers/group)
within each sampling time.
treatment.

There were six observations per

Differences across time points due to treatment

were analyzed by split-plot analysis of variance (Steel and
Torrie, 1980).

Zinc source was the whole plot treatment

and was tested using group x period x diet as the error
term.

Hour and hour x treatment interaction were the

subplot treatments.

Differences due to microbial

population (at 2-h sampling only), were analyzed by splitplot analysis of variance (Steel and Torrie, 1980) with
microbial population and the interaction between Zn source
and population tested on the subplot.

Significant

differences between least square means were detected using
F-protected, least significant difference test (SAS, 1986).
Means reported in the figures and tables are least square
means.
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Experiment 2
General
Twelve wether lambs (26 kg initial wt) equipped with
ruminal and abomasal cannulae were randomly allotted within
two wt blocks to three treatments (4 lambs/treatment)
randomized complete block design experiment.

in a

A semi

purified concentrate was mixed with ground (1.9 cm screen)
BGH to obtain treatment C:F of 14:86, 43:57 and 71:29
(Table 2).

Diets were formulated to contain equal

concentrations of Zn and Mg and to meet the lamb's minimum
requirements for protein and energy (NRC, 1984) by
balancing the nutrient composition of the semi-purified
mixture with that of the BGH.

Lambs within a wt block were

offered equal amounts of feed (15.9 g DM/kg average initial
body wt for the block)
daily.

in equal portions at 0800 and 2000 h

The 20-d experiment consisted of an initial 14-d

adaptation followed by 6 d of sample collection.

Lambs

were housed in individual metabolism crates at 21 + 1° C
with constant illumination throughout the experiment.
During the final 4 d of adaptation and throughout the
collection period,

.5 g Cr203 in 5 g pelleted concentrate

was incorporated into the diet at each feeding.

The

collection period was extended 38 h (d 7 and d 8) so lambs
could be given a pulse dose of Zn to estimate relative Zn
absorption.

This method has been used extensively in

humans to study the effect of dietary components
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TABLE 2. DIET COMPOSITION - EXPERIMENT 2
Concentrate:Forage
14:86

43:57

71:29

Ingredients, % as fed
Semi-purified mixture3
Bermudagrass hayb
Soybean meal
Urea
Molasses
TMSC

0

28.6

57.4

86.0

57.4

28.6

3.5

3.5

3.5

.9

.9

.9

9.2

9.2

9.2

.4

.4

.4

.23

.19

.22

DM analysis,
Magnesium, %
Zinc, mg/kg

25.6

21.1

24.3

NDF, %

65.6

42.6

21.7

ADF, %

37.6

25.4

15. 3

HC, %

28. 0

17.2

6.4

aIngredient and % as fed: corn starch 88.1, soybean meal 7.0,
urea 2.0, dicalcium phosphate .7, CaC03 .8, MgS04-7H20 ,9,Zn,
.0025, Cu, .0013, Fe, .002.
bAnalysis % of DM: DM 90.8, CP 9.0, NDF 76.7, ADF 40.9,
HC 35.8.
CTMS - trace mineralized salt formulated to provide per kg of
diet: 3941.6 g NaCl, .2 mg Co, 36 mg Mn, .6 mg I.
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on Zn absorption (Valberg et al., 1985).
Sample Collection and Laboratory Analyses
Beginning on d 1 of the collection period, samples of
ruminal fluid (50 ml) and abomasal contents (100 ml) were
collected at 12-h intervals advanced 2 h daily for 6 d and
frozen after determination of pH.

Abomasal samples were

lyophilized and pooled on an equal wt basis into individual
animal composites.

Ruminal fluid samples were thawed and

pooled on an equal volume basis into individual animal
composites.

Ruminal fluid composites were centrifuged at

650 x g for 10 min, and subsequently at 25,000 x g for 3 0
min, in order to obtain a bacteria-rich pellet and a cellfree supernatant liquid.

Bacterial pellets isolated from

these ruminal fluid composites were used to determine
concentrations of purines, Mg and Zn in bacteria.

The

cell-free supernatant liquid was used to determine soluble
Mg and Zn concentrations.
At 1000 on d 1, 3, and 5, blood samples were collected
from each lamb by jugular puncture and chilled.

After

serum was obtained (500 x g, 15 min), serum was pooled on
an individual lamb basis and analyzed for Mg and Zn by ICP
quantometry (Anonymous, 1986).
At 0800 on d 2 of the collection period, Co-EDTA (297
mg Co) was dosed into the rumen (Uden et al., 1980).
Ruminal fluid samples (20 ml) were collected and frozen at
0, 2, 4, 6, 8, 10, 12, 18 and 24 h after dosing.

Samples
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were subsequently centrifuged at 25,000 x g for 30 min and
Co determined in the supernatant liquid by atomic
absorption spectrophotometry.
At 0900 on d 2 of the collection period, 20 g of Yblabelled BGH was dosed intraruminally.

Fecal samples were

taken at 0, 6, 12, 18, 24, 30, 36, 44 , 52, 60, 72, 84, and
96 h after dosing and subsequently dried at 60° C for 48 h
in a forced-air oven.

Hay was Yb-labelled and analyzed

according to Goestch and Gaylean (1983) with modifications
described by Turnbull and Thomas (1987).

Particulate

passage rate was calculated using the two-compartment model
described by Grovum and Williams (1973) and with ruminal
passage rate defined by the descending portion of the fecal
excretion curve.
At 0800, on d 7 of the collection period, lambs were
injected with 2 ml of a diuretic (furosemide) to increase
blood clearance of Zn since no attempt was made to induce a
Zn deficiency in the lambs.

A preliminary experiment

showed large increases in urinary Zn after diuretic
injection; normally Zn concentration in the urine is very
low (Miller and Cragle, 1977).

Lambs were injected with

booster doses (1.5 ml) of diuretic at 1200 and 1600.

At

2200 on d 7, lambs were given a pulse dose of either 63 or
79 mg of Zn (ZnS04-7H20) , low and high wt group,
respectively, through ruminal fistula.
collected

Blood samples were

at 0, 2, 4, 6, 8, 10 and 12 h following Zn
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dosing, processed as described previously, and analyzed for
Zn by atomic absorption spectrophotometry.
Forage fiber can be partitioned into a PD and an
indigestible fraction (McAnally, 1942).

Potential

digestibility has been defined as the maximum digestibility
attainable when the conditions and the duration of
fermentation are not limiting factors and hence is an
inverse measure of quantity of indigestible plant tissue
(Wilkins, 1969) .

Factors innate to the plant provide a

ceiling on fiber digestion and may prevent a non
confounding interpretation of external factors that may
potentially influence fiber digestion in the rumen.
Therefore, in the present study, fiber digestibilities were
additionally expressed on a PD basis.

Duplicate samples of

the BGH (10 g; 90.8% DM) fed in this experiment were placed
in 10 X 28 cm nylon bags and ruminally incubated for 72-h
in the rumen of a fistulated cow grazing a Common
bermudagrass-ryegrass pasture.

The fiber residues

remaining at 72-h were used to calculate the PD NDF, ADF
and HC (PD NDF minus PD ADF) fractions of the BGH.

These

calculations were justified by assuming that digestion of
the cell walls were complete at 72 h (Smith et al., 1971).
The PD NDF, ADF and HC intakes were obtained by
multiplying the 72-h digestion coefficient of each fiber
fraction by the intakes of total NDF, ADF and HC.

The PD

fiber residues at each sampling site were obtained by

31
subtracting the amount of dietary indigestible NDF, ADF and
HC from the amount of residual NDF, ADF and HC recovered at
the abomasum and appearing in the feces.
All NDF and ADF analysis were non-sequential as
described by Goering and Van Soest (1970) with HC defined
as the difference between NDF and ADF.

Feed, bacteria, and

abomasal digestive contents were wet-ashed (Kimura and
Miller,

1975), and were analyzed for Mg and Zn by ICP and

Cr by atomic absorption spectrophotometry.

Cell-free

ruminal fluid Mg and Zn were analyzed by direct aspiration
into the ICP quantometer.

Ruminal fluid turnover rate was

determined by regressing the natural logarithm of Co
concentration on time and used to calculate soluble Mg and
Zn flow.

Bacterial pellets and abomasal samples were

analyzed for purines (Zinn and Owens, 1986) and quantities
of NDF, ADF, HC, Mg and Zn reaching the abomasum were
calculated by reference to Cr ratios in feed and abomasal
contents using Cr and purines as DM and bacterial flow
markers, respectively.

Fecal Cr recovery during the

collection period averaged 100% across all treatments.
Statistical Analyses
Effects due to treatment and wt were tested by
analysis of variance for a randomized complete block design
(Steel and Torrie, 1980).
treatment.

There were four observations per

The Zn pulse data was analyzed as above within

each sampling time.

Effect of diet on serum Zn
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concentrations overtime was tested by split-plot analysis
of variance (Steel and Torrie, 1980) .

Diet was the whole

plot treatment and was tested by using treatment x block as
the error term.

Sampling time and the interaction between

sampling time and diet were the subplot treatments.
Orthogonal polynomials were constructed to detect linear
and quadratic effects due to treatment and simple
correlations were determined between dependent variables
(SAS, 1985).
Experiment 3
General
Two ruminally cannulated Holstein cattle, one steer
and one cow, were fed daily free choice Alicia BGH and .9
kg of ground corn diet with either no Zn supplement or 4 g
Zn (ZnS04’7H20) added to the corn.

After a 4-d dietary

adjustment period, WRC was collected.

Strained ruminal

fluid was subjected to various treatments to disrupt
microbial cell walls and to release intracellular Zn.
Treatments consisted of the following:

(1) 15 ml 2% (w/v)

CTAB and (2) 2 g pepsin + 6 ml of 12 N HC1.

Treated

samples were subjected to differential centrifugation to
obtain supernatant liquids for measurements of
from the bacteria.
DM and Zn analysis.

Zn release

Supernatant liquids were retained for
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Sample collection and Laboratory Analyses
Approximately 4 h after feeding on d 5 of the
experiment, 4 liters of SRF was collected from each animal
as described in Experiment 1.

A portion (200 ml) of the

SRF from each animal was centrifuged (25,000 x g, 30 min,
4° C ) , and the supernatant obtained was weighed and frozen
for future analyses.

This step allowed the determination

of soluble and bacterial-associated Zn before treatment.
The remaining SRF from each animal was centrifuged (650 x
g; 5 min; 4° C) and 2 00 ml from each animal was retained to
estimate protozoan-associated Zn, while the remainder was
pooled and dispensed (200 ml) into 4 250-ml plastic
centrifuge bottles.

One 200 ml portion of SRF contained in

the centrifuge bottle from each animal was subjected to the
assigned treatment and thoroughly mixed mechanically for 30
min.

Treated SRF was subsequently centrifuged (25000 x g,

3 0 min, 4° C) and retained supernatant liquids were weighed
then frozen for DM and Zn analysis.

This step allowed the

estimate of bacterial-associated Zn remaining after each
treatment.

All samples were wet-ashed as described in

Experiment 2 and analyzed for Zn by atomic absorption
spectrophotometry.
Calculations
Bacterial Zn (ug) = 650 x g supernatant liquid
Zn - soluble Zn (25000 x g supernatant liquid).
Protozoan Zn (ug) = total Zn in SRF - 650 x g
supernatant liquid Zn.

CHAPTER IV
RUMINAL PARTITIONING OF ZINC AND CHARACTERISTICS OF
MICROBIAL POPULATIONS IN STEERS FED A POLYSACCHARIDE
COMPLEX OF ZINC OR ZINC OXIDE - EXPERIMENT 1
Results and Discussion
Ruminal fluid volume and fluid dilution rate did not
differ (P > .10) due to Zn source.

Dilution rates were 9,

8, and 10 %/h and fluid volumes were
liters for B, ZnO and PC-Zn,

28.7, 28.1 and 31.7

respectively.

Changes in

cell-free Zn concentrations (Figure 2) over time were not
affected (P > .10) by Zn source, but a treatment x hour
interaction (P < .05) was noted.

Compared with ZnO and B,

PC-Zn resulted in higher (P < .05) cell-free Zn
concentrations 1 and 2 h after dosing.

The cell-free Zn

concentrations in steers fed the Zn supplements decreased
(P < .05) soon after feeding with Zn concentrations
returning to basal levels at 1 and 4 h after dosing for ZnO
and PC-Zn, respectively.

Across the sampling period, Zn

concentrations ranged from .78 to .38, 2.35 to .55, and .94
to .40 ug Zn/ml SRF for B, PC-Zn and ZnO, respectively.
Expressed on a SRF basis (Figure 3), fluid microbial
Zn concentrations in steers fed PC-Zn were higher (P < .05)
compared with steers fed ZnO at 1, 2 and 4 h after dosing.
Microbial Zn values for Zn supplemented steers were higher
(P < .05) than steers fed B at each time point.
cell-free Zn concentrations,

Unlike the

fluid microbial Zn content
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FIGURE 2. THE EFFECT OF ZINC SOURCE ON CELL-FREE ZINC
CONCENTRATIONS FOLLOWING A SINGLE INTRARUMINAL DOSE OF ZINC
FROM A POLYSACCHARIDE-ZINC COMPLEX (PC-Zn) OR ZINC OXIDE
(ZnO).
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FIGURE 3. THE EFFECT OF ZINC SOURCE ON FLUID MICROBIAL ZINC
CONCENTRATIONS FOLLOWING A SINGLE INTRARUMINAL DOSE OF ZINC
FROM A POLYSACCHARIDE-ZINC COMPLEX (PC-Zn) OR ZINC OXIDE
(ZnO).
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within treatment did not deviate (P > .10) from the mean
observed at 1 h.

Compared with ZnO and B, PC-Zn

resulted in higher (P < .05) particulate Zn concentrations
(SRF basis) at 4, 6 and 8 h (Figure 4).

Compared with B,

ZnO resulted in higher (P < .05) particulate Zn content at
2 and 8 h after dosing.

Particulate Zn concentrations were

considerably higher than those observed for cell-free
(Figure 2) and fluid microorganisms (Figure 3).

Zinc

source effects on fluid microbial Zn concentrations (ug/g
microbial DM) were noted at all time points, PC-Zn and ZnO
diets being greater (P < .05) than B diet (Table 3).
Compared to B-fed steers, steers supplemented with PC-Zn
and ZnO had higher (P <. 01) overall Zn concentrations
associated with the fluid microorganisms with PC-Zn being
higher (P < .05) than ZnO.
The PC-Zn source resulted in higher (P < .01) Zn
concentrations (ug/g DM; Table 3) in the particulate
fraction compared to ZnO and B, over the sampling period.
Compared with the particulate fraction, fluid
microorganisms were 2 to 4 times higher in Zn content on a
DM basis.

No differences (P > .01) were observed in fluid

microbial CP and ash content as a result of Zn source
(Table 4).
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FIGURE 4. THE EFFECT OF ZINC SOURCE ON PARTICULATE MATTER
ZINC CONCENTRATIONS FOLLOWING A SINGLE INTRARUMINAL DOSE OF
ZINC FROM A POLYSACCHARIDE-ZINC COMPLEX (PC-Zn) OR ZINC
OXIDE (ZnO).
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TABLE 3. EFFECT OF ZINC SOURCE ON ZINC CONTENT OF FLUID
MICROORGANISMS (FM) AND PARTICULATE MATTER (PM)
Source
Fraction

Hours3

Basal

PC-Zn

ZnO

ug/g DM
FM

1

136.7

563.7

415.7

2

142.1

570.8

423.1

4

133.8

621.9

467.0

6

128.7

515.3

391.0

8

106.6

476.6

378.9

Meanb

129.5

549.5

415.2

ug/g DM
PM

1

44.5

179.3

98.5

2

46.4

201.8

105.5

4

48.1

197.1

120.9

6

49.4

185.4

112.6

8

52.8

190. 3

154.2

Meanc

48.2

190.8

118.5

aTime after dosing.
bZn source effect (P < .01), SE = 18.9 ug/g DM.
cZn source effect (P < .05), SE = 11.8 ug/g DM.
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TABLE 4. EFFECT OF ZINC SOURCE ON CRUDE PROTEIN (CP) AND
ASH CONTENT OF FLUID MICROORGANISMS
Source
Item

Hours3

Basal

PC-Zn
% of

CP

50.8

54.9

54.3

2

51.8

52.1

53.2

4

54.0

54.0

55.1

6

57.1

57.7

57.5

8

57.5

58.8

57.4

Meanb

54.4

55.7

55.5

CSE = .3%.

DM —

1

9.7

10.9

10.3

2

10.0

10.9

10.6

4

10.4

11.2

11.2

6

9.8

10.9

11.1

8

10.3

11.8

11.8

Meanc

10.0

11.0

11.1

aTime after dosing.
bSE = 1.4%.

OM —

1

- % Of

Ash

ZnO
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FIGURE 5. THE EFFECT OF ZINC SOURCE ON FLUID MICROBIAL DRY
MATTER PRODUCTION FOLLOWING A SINGLE INTRARUMINAL DOSE OF
ZINC FROM A POLYSACCHARIDE-ZINC COMPLEX (PC-Zn) OR ZINC OXIDE
(ZnO).
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Compared to B, fluid microbial DM mass tended to be
higher (P < .10) at 6 h and was higher (P < .05) at 8 h in
steers fed Zn supplements (Figure 5).

There was no

difference (P > .10) in microbial mass between Zn
supplements.

Overall fluid microbial DM concentrations

ranged from 13.2 to 9.8, 11.4 to 12.7 and 11.7 to 13.8 mg
DM/ml SRF for B, PC-Zn and ZnO, respectively.
Compared to particle-associated microorganisms, Zn
levels of fluid microorganisms were higher (P < .05), and
Zn source differences (P < .05) were detected within each
population (Table 5).

No differences (P > .10) were

observed in CP between microbial populations; however,
fluid microbial ash was higher (P < .01) than particle
microbial ash.

Zinc source had no effect (P > .10) on

microbial DM mass within populations although, fluid
microbial mass was lower (P < .01) than particle microbial
DM mass.

Since only a portion of the particle

microorganisms were removed during extraction, the
difference between microbial DM would be even greater than
observed.
This experiment was conducted to study the effects of
Zn source on the distribution of Zn in three fractions of
ruminal contents; cell-free fraction, microbial fraction,
and particulate (undigested feed and adherent
microorganisms)

fraction.

The cell-free Zn concentrations

showed a rapid decrease from 1 to 2 h after dosing with
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TABLE 5. EFFECT OF ZINC SOURCE AND POPULATION ON FLUID (F)
AND PARTICLE (P) MICROBIAL ZINC, CRUDE PROTEIN (CP), AND
ASH CONTENT AND MICROBIAL MASS TWO HOURS AFTER DOSING
Source
Component
Zn, ug/g DM

CP, % of OM

Ash, % of DM

Mass,
mg/ml SRF
mg/ml SRFE

Population
Basal

PC-Zn

ZnO

SE

Fa

142.lb

570.8C 423. lc

44.1

P

122.7b

544. 8C 259.9d

28.0

F

51.8

52.1

53.2

1.9

P

50.8

51.6

53.2

2.9

Fe

10.1

10.9

10.6

.5

P

8.1

9.2

8.2

.5

F

13.2

12 .7

11.9

1.3

Pf

16.3

16.8

18.0

1.9

aAcross treatments F mean greater (P<.05) than P; (370.9
vs. 300.9 ug/g); SE = 18.3 ug/g.
h ^ e a n s in rows with uncommon superscripts differ (P<.05).
eAcross treatments F mean greater (Pc.Ol) than P mean
(10.5 vs. 8.5%); SE = .3%.
fAcross treatments P greater (P<.05) than F (17 vs. 12.6
mg/ml); SE = 1 . 0 mg/ml.

values similar to those reported by others (Bremner, 1970;
Martinez,

1970).

Further, the soluble Zn concentrations

were considerably lower than concentrations observed with
the microbial and particulate fractions (SRF basis).

The

predicted Zn level of the cell-free fraction if all the
added Zn had been soluble and not incorporated
by the microorganisms was 27 ug Zn/ml (potential value of
cell-free Zn).

Therefore at 1 h after dosing, it was

estimated that the cell-free Zn concentrations were only 6%
and .6% of the potential value of soluble Zn for PC-Zn and
ZnO supplementation, respectively.

However, the fluid

microorganisms accounted for about 19% and 12% of the
potential cell-free value for PC-Zn and ZnO, respectively.
Ignoring the 1-h value, most of the added Zn can be
attributed to the particulate fraction (Figure 4) which
agrees with others (Weston and Kastelic, 1967; Allen and
Gawthorne 1987).

Therefore, supplemental Zn was insoluble

or became rapidly associated with either microorganisms or
particulate matter.

Since microbial DM was considerably

more concentrated with Zn than the particulate matter, most
of the Zn may be concentrated with microorganisms in the
fluid and (or) particulate fractions.

Low concentrations

of soluble Zn in the rumen are probably the result of high
incorporation of Zn by ruminal microorganisms and formation
of insoluble complexes (Bremner, 1970; Durand and
Kawashima, 1980; Ivan and Veira, 1981).

Compared with

steers fed ZnO, steers fed PC-Zn had higher Zn
concentrations associated with the various phases of WRC.
However, a significant treatment x hour interaction
suggested that changes in cell-free Zn due to Zn source may
vary depending on the time of sampling after dosing.

In

this study, Zn solubility in a buffer solution (McDougall,
1948) was higher (47 versus 30%) from PC-Zn compared with
ZnO.

In addition, it was estimated that PC-Zn attributed

more Zn to the soluble fraction in the rumen than did ZnO.
As with other nutrients, microbial uptake of Zn may be a
function of soluble Zn concentration in the rumen.
Further, a higher solubility of Zn in steers supplemented
with PC-Zn may also indicate a greater pool of available Zn
for ruminal absorption; therefore the rapid disappearance
of cell-free Zn observed may be the result of microbial
uptake and ruminal absorption.
In contrast to cell-free Zn, fluid microbial Zn (SRF
basis) did not show a rapid decrease in Zn content over
time.

This observation may be one indicator of microbial

accumulation of Zn.

Mitchell and Tosic (1949) reported

that ruminal microorganisms accumulated Zn at some ten
times the concentration of the hay fed.

More recently,

Martinez (1973) showed in vitro concentrations of bacterial
Zn were 318% (DM basis) of the Zn content in the incubated
forage.

These results are in agreement with the present

study in which the ruminal microorganisms (DM basis)
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accumulated 460%, 469%, and 364% of the Zn concentration of
the B, PC-Zn and ZnO diets, respectively.

Therefore, it is

reasonable to assume that soluble Zn concentrations in the
rumen may be a function of Zn uptake by the microorganisms.
The importance of quantifying ruminal microorganisms
associated with feed particles of ruminal digesta in
addition to the fluid microbial population has been shown
(Merry and McAllan,

1983; Craig et al., 1987a; Craig et

al., 1987b; Olubobokun et al., 1988).

In this study, Zn

source differences were not detected with microbial DM
concentrations (mg/ml SRF) within each microbial
population, but the particle population was significantly
higher in DM concentration than the fluid population which
agrees with others (Craig et al., 1987a; Olubobokun et al.,
1988).

Fluid microbial ash concentrations were within the

range of values reported by others (McAllan and Smith,
1977; Merry and McAllan, 1983; Craig et al., 1987b).

The

particle microbial ash content in this study was similar to
that reported for solid-associated bacteria (Merry and
McAllan, 1983).

In the present study, fluid microbial ash

was higher than particle microbial ash, which agrees with
results obtained by others (Merry and McAllan, 1983 and
Craig et al., 1987a).

Zinc levels of the fluid

microorganisms were higher compared to the particle
population which may reflect Zn is more available to the
microorganisms suspended in ruminal fluid.

However, only a

portion of the particulate microorganisms were removed and
possibly is not representative of the total population
associated with plant material.

It has been suggested that

Zn and other cations may play a role in microbial
attachment to feed particles (Durand and Kawashima, 1980) .
More information is needed on the role cations play in
attachment of microorganisms to plant material in the
rumen.
Only 1 to 2% of the intravenous dose of 65Zn was
reported to enter the rumen either with saliva and (or)
across the rumen wall (Weston and Kastelic, 1967) .

In this

experiment, this magnitude of Zn transfer would have
amounted to about .3 to .5 mg Zn/liter of ruminal fluid.
In long-term cultures, ruminal protozoan requirements were
shown to be 5 to 10 mg Zn/liter (Durand and Kawashima,
1980).

Therefore, it seems unlikely that ruminal microbial

growth can be sustained solely with endogenous Zn.
Consequently, dietary Zn may be important in providing the
growth requirement for the host as well as its microbes.
Although limited, measurements of microbial mass (Figure 5)
indicate that supplemental Zn was necessary to maintain
ruminal microbial mass.

Differences between basal and Zn

supplementation were not observed until 6 and 8 h after
dosing.

Zerebocov et al.

(1971a) increased dietary Zn

concentrations from 15 to 100, 125 and 150 mg Zn/kg diet DM
in successive periods and observed progressive increases in
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total counts of ruminal microorganisms.

In the same study,

it was observed that each increment of dietary Zn reduced
the amount ammonia in the rumen and that 125 mg Zn/kg
resulted in the highest total VFA and total and protein N
concentrations in the rumen.

Hence, it was concluded that

Zn favored enzymes of deamination, glycolysis and protein
synthesis.

Therefore,

in the present experiment, it is

possible that Zn supplementation may have stimulated
microbial growth.
Results of this experiment suggest that:
1. added Zn was insoluble or became rapidly associated
with insoluble material in the rumen.
2. ruminal microorganisms concentrated Zn several fold
higher than dietary Zn levels.
3. most of the added Zn was contained in the
particulate matter of which was primarily microbial Zn.
4. Zn concentrations of all fractions isolated from
WRC were higher in steers dosed with PC-Zn than those dosed
with ZnO.
5. fluid microbial DM was higher in Zn and total ash
concentration when compared with the particle-associated
microbial DM.
6. microbial DM production appeared to be higher in Zn
supplemented steers compared with steers receiving no Zn
supplementation 6 and 8 h postdosing.
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Implications
Uptake of Zn by ruminal microorganisms was not
decreased by supplementing steers with PC-Zn.

Therefore,

PC-Zn would not be a viable alternative to ZnO with respect
to its ability to resist microbial intervention.

However,

compared to ZnO, PC-Zn may contribute more to the soluble
Zn pool in the rumen soon after feeding and increase the
availability of Zn for ruminal absorption.

CHAPTER V
ALTERATIONS IN UTILIZATION OF MAGNESIUM AND ZINC IN LAMBS
FED DIFFERENT RATIOS OF CONCENTRATE:FORAGE EXPERIMENT 2
Results and Discussion
Feed refusals were negligible throughout the
experiment resulting in average daily DM intake of 415
g/lamb across treatments.

As anticipated,

increasing C:F

resulted in linear decreases in both mean (P < .05) and
minimum (P < .01) ruminal pH (Table 6).

An additional pH

variable, pH-hours, was computed by integrating the area
under the 24-h pH-time curve below pH 6.7, the mean pH for
the low C:F (14:86) diet.

This variable should have

meaningfully represented the combined effects of the
magnitude of pH depression after feeding and time of
exposure to lower pH on the growth rate and activity of the
microbial populations (Istasse and Orskov, 1983; van der
Linden et al., 1984).

Reflecting postfeeding pH

depression, pH-hours increased linearly (P < .01) with
increasing C:F.

Total ruminal VFA concentrations increased

linearly (P < .01) with increasing C:F.
turnover rate was not affected (P

Ruminal liquid

> .05), but ruminal

particulate passage rate tended (P = .12) to increase with
increasing C:F.
Total, soluble and insoluble intestinal flow of Mg was
not affected (P > .05) by dietary C:F; however, intestinal
50
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TABLE 6. EFFECT OF CONCENTRATE LEVEL ON RUMINAL
FERMENTATION PARAMETERS AND DIGESTIVE KINETICS IN
LAMBS FED BERMUDAGRASS HAY
Concentrate:forage
Item

14:86

43:57

Mean pHa

6.7

Minimum pHb
pH-hours150
Total VFA, uMb

71:29

SE

6.6

6.3

6.7

6.2

5.6

.1
.1

.8

4.0

10.8

1.5

68.2

79.7

92.7

3.1

Fractional passage rates, h"1
Liquid

.062

.077

.073

.006

Particulate

.017

.024

.026

.003

Bacterial N flow, g/dd

4.3

4.9

5.3

.3

aLinear effect (P < .05).
bLinear effect (P < .01).
integration of the area under the pH-time curve below
pH = 6.7.
dLinear effect (P < .07).
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flow of bacterial Mg increased linearly(P < .01) with
increasing C:F (Table 7).

While there were no significant

contrasts (P > .05) for ruminal Mg absorption, ruminal Mg
absorption was negatively correlated with bacterial Mg flow
(r = -.66; P = .026);

(Table 8).

Total tract Mg absorption

increased (P < .01) linearly with increasing C:F; however,
retained Mg showed a quadratic response (P < .01) with
increasing C:F.
As dietary C:F increased, total Zn flow increased (P <
.01) in a linear fashion.

Soluble Zn flow was not affected

(P > .05) by C:F, but insoluble Zn flow increased (P < .05)
linearly with increasing C:F.
(P < .01) linearly

Bacterial Zn flow increased

with increasing C:F and was highly

correlated (r = .76; P = .006) with the integrated pH'hours
variable.

The linear (P < .05) decline in ruminal Zn

absorption in response to increasing C:F was highly
correlated with bacterial Zn flow (r = -.82; P = .002).
Total tract Zn absorption and retained Zn both responded
quadratically (P < .01) with increasing C:F.

No

differences (P > .10) were observed in serum Zn and Mg
concentrations during the collection period and in serum Zn
concentrations following a single intraruminal dose of Zn
(Table 9).
Ruminal digestion of NDF decreased linearly (P < .01)
with increasing C:F (Table 10).

The 72-h in situ
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TABLE 7. INTAKE AND UTILIZATION OF MAGNESIUM AND ZINC IN
LAMBS FED INCREASING LEVELS OF CONCENTRATE
Concentrate:Forage
14:86

43:57

71:29

954.2

787.3

912.6

337.4

329.1

393.9

24.0

75.4

52.5

156.4

37.3

262.1

276.6

237.5

46.3

86.7

550.0

676.3

40.5

80.3

85.7

89.6

.6

64.6

58.4

61.4

2.8

53.1

47. 0

60.8

2.2

10.6

8.7

10.1

6.2

8.3

10.8

.6

Soluble

1.7

1.3

2.2

.6

Insoluble13

4.5

7.0

8.7

.8

5.5

8.1

9.6

.5

Item
Magnesium
Intake, mg/d

SE

Intestinal flow, mg/d
Total
Soluble
Insoluble
Bacterial3
Absorption,
Total tract
% of intake3
Ruminal
% of intake
Retained
% of intake0
Zinc
Intake, mg/d
Intestinal flow, mg/d
Total3

Bacterial3
Absorption,
Total tract
% of intake

-61

-99. 2

-70

5.6

Ruminal
% of intake13

41.5

5.3

-6.2

5.9

-49.2

-108.1

-72.7

8.5

Retained
% of intake0
aLinear effect (Pc.Ol).
bLinear effect (Pc.05).
cQuadratic effect (Pc.Ol).
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TABLE 8. CORRELATION COEFFICIENTS FOR
VARIABLES STUDIED IN EXPERIMENT - 2

Variables
pH'hours
Ruminal Mg
absorption

----------- Intestinal Flow ---------Bacterial
Soluble
Bacterial Soluble
Mg
Mg
Zn
Zn
.75
(.008)a

.62
(.040)

-.66
(.026)

-.23
(.499)

Ruminal Zn
absorption
Ruminal NDF
digestion
Ruminal ADF
digestion
Ruminal HC
digestion
VFA
Liquid passage
rate
Solid passage
rate

.76
(.006)

-.83
(.002)

.24
(.48)

-.08
(.810)

-.65
(.029)

-.40
(.225)

-.74
(.001)

-.15
(.662)

-.02
(.953)

.05
(.881)

-.12
(.728)

-.08
(.820)

-.78
(.005)

-.18
(.578)

-.86
(.0001)

-.08
(.808)

.83
(.002)

.48
(.138)

.85
(.001)

.14
(.677)

.60
(.049)

-.09
(.799)

.63
(.037)

.02
(.479)

.60
(.052)

.35
(.286)

.69
(.018)

.14
(.687)

aNumber in parenthesis represents level of significance.

(continued)

55
TABLE 8. CORRELATION COEFFICIENTS FOR VARIABLES
STUDIED IN EXPERIMENT - 2 (CONTINUED)

Variable

Ruminal Mg
absorption

Total
tract
Mg
absorption

Ruminal Zn
absorption

VFA

-.51
(.091)

-.81
(.002)

pH'hours

-.32
(.300)

-.77
(.003)

-.31
(.329)

.33
(.298)

-.54
(.069)

-.44
(.149)

Liquid passage
rate
Solid passage
rate
Intestinal NDF
flow
Intestinal ADF
flow
Intestinal HC
flow
Fecal NDF
excretion
Fecal ADF
excretion
Fecal HC
excretion

Total
tract
Zn
absorption

-.18
(.563)

-.91
(.0001)

.71
(.009)

-.27
(.388)

-.11
(.743)

-.91
(.0001)

.75
(.005)

-.23
(.474)

-.28
(.374)

-.87
(.0002)

.63
(.028)

-.33
(.303)

-.12
(.703)

-.99
(.0001)

.78
(.003)

-.15
(.631)

-.07
(.808)

-.98
(.0001)

.80
(.002)

-.12
(.70)

-.18
(.57)

-.99
(.0001)

.75
(.005)

-.19
(.54)

(continued)
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TABLE 8. CORRELATION COEFFICIENTS FOR VARIABLES
STUDIED IN EXPERIMENT - 2 (CONTINUED)
Variable

Ruminal NDF
Digestion

Ruminal ADF
Digestion

Ruminal HC
Digestion

pH-hours

-.75
(.005)

.06
(.846)

-.75
(.005)

VFA

-.88
(.0001 )

-.15
(.644)

-.77
(.004)

-.35
(.267)

-.37
(.237)

.25
(.436)

-.67
(.022 )

-.26
(.46)

— .66
(.027)

Liquid passage
rate
Solid passage
rate
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TABLE 9. EFFECT OF DIETARY CONCENTRATE LEVEL ON SERUM ZINC AND
MAGNESIUM CONCENTRATIONS DURING THE COLLECTION PERIOD AND
SERUM ZINC LEVELS FOLLOWING A SINGLE PULSE DOSE OF ZINC
Concentrate:forage
Item

14:86

43:57

71:29

SE

Collection period
mean Zn, ug/ml

.62

.66

.66

.07

mean Mg, mg/dl

1.54

1.59

1.70

.14

Dosing period
■ ug Zn/ml
hour8
0

.75

.76

.74

.08

2

.73

.95

.88

.07

4

.80

.84

.89

.05

6

.68

.69

.68

.05

8

.54

.64

.64

.06

10

.91

1.04

.99

.06

12

1.17

1.40

1.32

.09

.80

.88

.88

.07

Mean

aSampling times following single pulse dose of Zn.
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TABLE 10. EFFECT OF CONCENTRATE LEVEL ON DIGESTION OF
DETERGENT FIBER COMPONENTS IN LAMBS FED BERMUDAGRASS HAY
Concentrate:forage
Item

14:86

43:57

71:29

SE

Intake, g/d
DM

414

416

415

NDF

271

177

90

ADF

156

106

64

HC

116

71

27

160

122

Intestinal flow, g/d
NDFa

75.3

11.3

ADFa

82.2

60.6

29.2

5.6

HCb

77.9

61.4

46.3

5.9

NDFa

145.9

102.1

64.1

4.6

ADFa

78.5

52.9

30.2

2.1

HCa

67.3

49.2

33.9

2.6

NDFa

41.7

31.8

17.3

4.9

HCc

33.6

16.4

-74.6

10.7

ADF

47.7

43.2

54.8

4.3

NDF

4.7

10.8

11.9

5.8

HCb

8.5

15.1

46.7

10.7

ADF

1.9

7.0

-2.0

4.3

NDFb

46.4

42.6

29.3

4.2

HCd

42.0

31.5

-27.0

9.8

ADF

49.6

50.2

52.8

2.5

Fecal excretion, g/d

Detergent fiber digestion
Ruminal digestion, %

Postruminal digestion, %

Total tract digestion, %

aLinear effect (P < .01).
bLinear effect (P < .05).
cQuadratic effect (P < .05).
dQuadratic effect (P < .10).

incubations indicated that approximately 44% of BGH NDF was
PD.

Hence, lambs fed 14:86 C:F digested virtually all

potentially fermentable NDF ruminally compared with only
40% for lambs fed the 71:29 diet.

Ruminal ADF digestion

was not affected (P > .10) by treatment.

Surprisingly,

ruminal digestion coefficients for all C:F were near or
above the percentage of ADF determined to be PD (48%).
Ruminal digestion of HC responded quadratically (P < .05)
with increasing C:F.

When compared to NDF and ADF, ruminal

digestion coefficients for HC were substantially less than
the percentage of HC determined to be PD (47%).

This

likely reflects significant competition between the
digestion and passage of this fiber component in BGH.
Regardless of C:F, virtually all the digestible
cellulose was fermented ruminally, as evidenced by the
relatively small percentage of ADF digested in the large
intestine.

Postruminal digestion of neither NDF nor ADF

were affected (P > .10) by C:F.

Postruminal HC digestion

increased (P < .05) with increasing C:F.

Significant

compensatory fermentation of HC by the large intestine is
usually observed with high levels of dietary concentrate
(Degregorio et al., 1982; Brink and Steel, 1985; Wedekind
et a l . , 1986).
Total tract digestion of ADF was not affected (P >
.10) by C:F. There was apparently more ADF recovered in the
feces than at the abomasum in lambs fed the 71:29 C:F.

Slight underestimation of DM flow to the abomasum in these
lambs would be the most plausible explanation for this
discrepancy.

Total tract NDF digestion followed the

pattern established in the rumen, decreasing linearly (P <
.05) with increasing C:F.

Total tract HC digestion showed

a quadratic (P < .10) response to increasing C:F.
Similarly, Wedekind et al.

(1986) observed a nonlinear

response in total tract HC disappearance with increasing
level of dietary concentrate.
Increasing dietary RFC did not increase ruminal Mg
absorption which contrasts with results obtained by others
(Horn and Smith, 1978; Rayssiguier and Poncet, 1980).

One

of the main factors controlling Mg absorption in the rumen
is the concentration of Mg in the liquid phase of ruminal
contents (Field, 1981).

Further, Mg concentration in the

water-soluble fraction was shown to be inversely related to
pH (Grace et al., 1977).

Therefore, a major premise for

adding RFC to forage-based diets is to lower ruminal pH and
increase Mg solubility.

Compared with lambs ruminally

infused with water, Giduck et al.

(1988) observed decreases

in ruminal pH and increases in soluble Mg concentration
when HC1 was infused into the rumen of lambs, but showed no
effect on Mg solubility when glucose was infused.

While

indices of ruminal pH reflected dietary treatment,
increases in soluble Mg flow were not observed, but
correlated (r = .62; P = .04) with the integrated variable

pH'hours.

High within treatment variation possibly could

be attributed to the absence of significant C:F effect on
Mg solubility in the rumen.

These conflicting findings may

indicate, that potential increases in ruminal Mg absorption
that might occur due to increased Mg solubility with low
ruminal pH, may be negated by increased microbial Mg
accumulation, if decreased pH is a direct result of
increased microbial growth.
Higher VFA concentrations also have been implicated as
a possible factor that may increase Mg absorption in rats
(Rayssiguier and Remesy, 1977), but not in sheep (Giduck
and Fontenot, 1987; Giduck et al., 1988).

In the present

study, total VFA concentrations were correlated (r = -.51;
P = .091) with ruminal Mg absorption.

Giduck et al.

(1988)

reported the infusion of unbuffered VFA solution decreased
total tract apparent Mg absorption by 15.7% compared with
the infusion of a buffered VFA solution.

Ruminal Mg

absorption was also negatively correlated (r = -.66; P =
.026) with bacterial Mg flow suggesting that microbial
association with Mg may have limited Mg uptake by the
ruminal epithelium.

Uptake of Mg by ruminal bacterial cell

walls has been shown to be directly proportional to Mg
concentration and pH (Fitt et al., 1972; Fitt et al., 1974)
and others (Rooke et al.,1983; van Eys and Reid, 1987;
Emanuele and Staples, 1990) have suggested that Mg
incorporation into microbial cells may alter ruminal

absorption of Mg.

Fitt et al (1972) advanced that no

mammalian enzyme is known to degrade teichoic acid, and
that teichoic acid would be excreted in the feces along
with a substantial amount of Mg.

In the present study, Mg

concentrations in harvested bacteria from lambs fed the
43:57 and 71:29 diets were nearly three times that of the
original diets.
Rooke et al.

Likewise,

Macgregor (1980), cited by

(1983), reported that up to 52% of Mg intake

was associated with microbial biomass leaving the rumen.
Unfortunately, bacterial Mg flow in the lambs fed the 43:57
and 71:29 diets was overestimated in the present study as
evidenced by the fact that bacterial Mg flow was more than
two-fold greater than total insoluble Mg flow in lambs fed
these diets.

This is probably an artifact of the

centrifugation method used in this experiment which
excludes most ruminal protozoans.

Since protozoans likely

made a significant contribution to total purine marker
flow, bacterial mineral flow would have been overestimated
if protozoal mineral concentration was significantly lower
than that of ruminal bacteria.

Ivan (1979) showed ruminal

bacteria where two-fold higher in 65Zn concentration than
protozoa.

Similarly, pH-induced changes in ruminal

protozoal numbers could also have influenced estimates of
bacterial mineral flow.

However, in the present study,

intestinal flow of bacterial Mg was highly correlated with
p H ’hours (r = .75, P = .008), suggesting that low ruminal

pH may facilitate bacterial Mg uptake.

Therefore, a large

proportion of Mg associated with ruminal bacteria may
reside in the soluble intracellular contents and uptake
across the cell membrane, as mentioned previously, may be
inversely related to pH.

Further, increased bacterial Mg

uptake may have reflected increased mineral solubility with
decreasing pH (Bremner, 1970) .

By comparison, it has been

reported that Mg associated with isolated cell walls of
ruminal bacteria was reduced as ruminal pH declined (Fitt
et al., 1972; Fitt et al., 1974).

This may have reflected

reduced Mg binding sites on microbial cell walls due to
competition by hydrogen ions.

This is plausible since

large amounts of Mg is usually found loosely bound to the
bacterial cell wall (Durand and Kawashima, 1980).
While the rumen has not been considered a major
absorptive site for Zn (Miller, 1970), it has been reported
that excised ruminal tissue from lambs was capable of
absorbing quite large amounts of 65Zn relative to other gut
tissues (Arora et al., 1969).

Also, Ivan et al.

(1983)

observed 24% of the Zn intake was absorbed in the
preintestinal region.

In the present study, ruminal Zn

absorption declined with increasing C:F and showed a strong
negative correlation (r = -.82; P = .002) with microbial Zn
flow.

Bacterial Zn flow appeared to be slightly

overestimated, as measured intestinal flow of bacterial Zn
was greater than flow of insoluble Zn for all treatments.
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As with Mg, increased bacterial Zn uptake may have
reflected increased Zn solubility with decreasing pH.

In

one study, soluble Zn concentrations increased dramatically
when ruminal pH was decreased from 6.5 to 2 by
of ruminal contents (Bremner, 1970).

titration

As revealed in

Experiment 1, immediate and rapid accumulation of Zn by
ruminal microorganisms was observed in
ruminal challenge with
the present study,

response to a

soluble Zn in a grain carrier.

In

Zn concentrations in harvested bacteria

were four to five times that of the original diets and the
magnitude of bacterial Zn accumulation in the present study
was quite similar to that observed in previous studies
(Mitchell and Tosic, 1949; Bremner, 1970; Martinez, 1973).
Further, total Zn flow likely reflected the linear increase
in insoluble Zn, since
treatment.

soluble Zn flow was not affected by

Others have suggested that low soluble Zn

concentrations in the rumen is primarily the result of
insoluble complex formation and incorporation by ruminal
microorganisms (Bremner, 1970; Durand and Kawashima, 1980;
Ivan and Veira, 1980).

Further, a lower and higher uptake

of 65Zn by ruminal bacteria and tissue, respectively, was
observed in sheep dosed with nitrilotriacetic acid (Ivan
1979).

Therefore, it is plausible that, under normal

feeding conditions, bacterial Zn uptake may be the
principal factor limiting ruminal Zn absorption.

Minerals in forages may be distributed among a fastreacting soluble fraction of high bioavailability, a
potentially available fibrolytic-sensitive fraction or an
unavailable fraction (Kincaid and Cronrath, 1983).

A

significant positive correlation between diet digestibility
and Zn absorption has been reported (Miller and Cragle,
1965), and may suggest a relationship between Zn and
undigested residues.

Emanuele and Staples (1990) suggested

that the availability of slowly released minerals, may be
affected when ruminal fermentation is manipulated.

In the

present study, ruminal NDF and HC digestion decreased as
starch was increased in the diet; consequently, the
potential release of Mg and Zn from BGH may have been
compromised in the diets containing starch.

Since HC is a

major component of the plant cell wall and contains
functional chelation and ion exchange groups (Van Soest,
1982), a portion of potentially available minerals may
escape ruminal degradation and release.

However,

hemicellulase treatment of the water-insoluble residue of
ryegrass did not release Zn into solution (Bremner and
Knight, 1970).

This indicates that either Zn is completely

unavailable in the HC fraction of ryegrass or insignificant
amounts of Zn were present in this fraction.

Other

factors, aside from digestion, may affect ruminal release
of minerals from forages.

In the present study, ruminal

particulate passage rate tended to increase with C:F and
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was correlated with the ruminal digestibilities of both NDF
(r =

-.67; P =

.023) and HC (r = -.66; P = .027).

Although not quantified, the release of Mg and Zn from
the BGH was probably not the primary factor limiting
soluble Mg and Zn concentrations in the rumen.

However, a

considerable amount of insoluble intestinal flow of Mg was
associated with the non-bacterial portion in lambs fed the
14:86 diet (Table 7).

In contrast, with diets 43:57 and

71:29, data for both Mg and Zn suggest that insoluble
mineral flow, which is presumably forage plus bacteria, was
almost entirely of bacterial origin.

Other studies have

shown Mg to be, rapidly and to a great extent, released
from various forage types.

For instance, 90% Mg

concentration of dried bermudagrass of various stages of
maturity, was shown to be water soluble (Edwards et al.,
1977; Emanuele and Staples, 1990).

However, compared with

Mg, it was shown that a lesser proportion of Zn (43 versus
92%) was released after a 2-h incubation in water (Emanuele
and Staples, 1990).

Further, it was reported that over 80%

of the Zn concentration of dried bermudagrass was
associated with the cell wall after extraction with NDF
solution (Edwards et al., 1977).

Therefore, it seems Mg is

more readily available than Zn, but this does not preclude
that Zn associated with the cell wall of bermudagrass is
unavailable.

Emanuele and Staples (1990) reported that it

took 6 to 12 h of ruminal incubation of dried bermudagrass

for the maximal release of Zn to occur.

Further, 90% of

the Zn associated with the insoluble portion of ryegrass
was removed by fungal cellulase treatments (Bremner and
Knight, 1970), suggesting that ruminal cellulolytic
activity could elicit almost complete Zn release.

In the

present experiment, regardless of C:F, virtually all of the
PD ADF was fermented ruminally.

This may indicate that the

extent of cellulolysis in the rumen was sufficient to
release most of the available Mg and Zn from the forage.
Further, Rooke et al.

(1983) observed after 24-h ruminal

incubations in situ, only 5.5 and 8.8% of original grass
silage Mg and Zn content, respectively, remained in the
residual DM.

Although, it seems that a considerable

portion of Mg and Zn is released from forages in the rumen,
it does not imply that these minerals are available for
absorption, but rather that they are available to ruminal
microorganisms (Emanuele and Staples, 1990).
Total VFA concentrations increased, as expected, with
increasing C:F, and reflected the availability of RFC.

A

higher growth rate of ruminal microorganisms which occurs
with grain diets may also mean a higher requirement of Mg,
Zn and other minerals (Georgievskii, 1982), possibly
leading to a reduction in mineral availability to the host.
There is evidence that Mg and Zn uptake by microbial cells
is an energy dependent process and uptake of Zn has been
shown to increase linearly with cell growth (Failla, 1977).

In the present study, Mg and Zn concentrations of bacteria
in lambs fed the high concentrate diet were substantially
higher when compared with the lambs on the low concentrate
diet.

Further, it has been established that microbial

growth per unit of ATP synthesized is increased with
dilution rate (Harrison and McAllan, 1980).

Although

ruminal fluid dilution rate was not affected by C:F, it was
correlated (r = .60; P = .049) with microbial Mg flow.
Therefore, microbial uptake of Mg and Zn may be a function
of their reguirements for growth and directly related to
the availability of energy for Mg and Zn transport
mechanisms in the microbial cell membrane.
In the present study, intestinal flow of microbial N
increased (P < .07) with increasing C:F (Table 6).

These

results agree with others (Offer et al., 1978; Stern et
al., 1978; Wanderley et al., 1987) who have reported that
efficiency of N utilization and microbial DM and CP
production in the rumen increased with increasing levels of
RFC.

This effect is likely attributable to the readily

available energy for the efficient capture of ammonia by
ruminal microorganisms for microbial protein synthesis.

In

the present study, intestinal flow of microbial Mg
increased linearly with increasing C:F, and more Mg became
concentrated in the bacterial DM as C:F increased.
Therefore, it is plausible that Mg absorption from the
rumen may be affected by different C:F if production of

microbial mass is related to the availability of energy in
the rumen, and (or) microbial Mg accumulation is related to
pH.

In the present study, Mg concentration in bacterial DM

from the rumen of lambs consuming the highest C:F diet were
higher (5X) than bacteria from lambs fed the lowest C:F
diet.

Further, if bacteria in the rumen of the high C:F

lambs were more concentrated (4X; total bacterial/ml
ruminal fluid) compared with the low C:F lambs (Grubb and
Dehority, 1975), then an estimated twenty-fold difference
in Mg (and possibly Zn) uptake by ruminal bacteria may
exist between diets.

While, in some cases high forage

diets have been associated with greater ruminal volumes
than high grain diets, ruminal volumes in the present
experiment were similar (P > .10) across treatments.
Apparent absorption of Mg from the total tract
increased with increasing C:F which agrees with results
obtained by others (House and Mayland, 1976; Rayssiguier
and Poncet, 1980; Giduck and Fontenot, 1987; Giduck et al.,
1988).

Since high concentrations of Mg have been found in

ruminal microorganisms, increases in soluble Mg
concentration in a low pH environment encountered postruminally may largely result from the release of Mg
associated with ruminal bacteria.

However, this contrasts

with the previous supposition that Mg may be irreversibly
bound to teichoic acid in microbial cell walls and excreted
intact with the feces.

Although, it is likely that less Mg
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became bound to microbial cell walls when subjected to the
low ruminal pH associated with the diets containing RFC.
This is plausible, since it has been demonstrated that Mg
binding to bacterial cell walls is greater at higher pH
(Fitt et al., 1972).
The cation exchange capacity of the plant cell wall is
very significant and has been implicated as a possible
factor lowering Zn, Fe and Cu in nonruminants (Van Soest,
1982).

Further, fiber addition to diets consumed by men

has appeared to increase the fecal excretion of Zn and Mg
(Ismail-Beigi et al., 1977).

In the present study, total

tract Mg absorption (% of intake) was correlated with total
fecal excretion (g/d) of NDF (P = -.99; R

= .0001), ADF (P

= -.99; R = .0001) and HC (P = -.99; R = .0001).
reported previously,

As

increasing the dietary concentrate

level (or decreasing dietary fiber level) had no effect on
ruminal Mg absorption, but total tract Mg absorption
increased.

Therefore, lower Mg absorption associated with

the low and medium concentrate diets may have been due to
higher amounts of undigested fiber and (or) lignin that
functioned to lower the availability of Mg in the lower
tract.

Lignin contains high concentrations of phenolic

groups which have chelation and cation exchange effects,
but there has been considerable speculation concerning the
effects of fiber and lignin in promoting fecal loss of Mg
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and Zn either through binding or the presence of
unavailable forms of the fiber matrix (Van Soest, 1982).
Because of large negative values, total tract Zn
absorption was difficult to interpret but strongly suggest
net secretion of Zn in the lower tract (Miller and Cragle,
1965).

Others have reported negative absorption value for

Zn in the small intestine (Stevenson et al., 1978; Ivan et
al., 1983).

An effective homeostatic mechanism for Zn is

operative at the level of the intestine (Georgievskii,
1983)

and the efficiency by which dietary sources of Zn are

utilized is inversely proportional to their concentrations
and adequacy of Zn tissue reserves (Weigand and
Kirchgessner, 1980).

In the present study, Zn intake was

most likely adequate for the lambs as the NRC list the Zn
requirement for lambs at 20 to 30 ppm.

Therefore,

significant endogenous secretions of Zn probably occurred
in a homeostatic capacity.
Following the collection period, lambs were injected
with a diuretic periodically in an effort to increase blood
clearance of Zn.

The theory was that depleting Zn levels

of the blood may result in a temporary Zn-deficient state.
This approach was explored to determine if differences in
relative absorption of Zn existed between dietary
treatments.

Spears (1989) used this technique and found

that in lambs dosed with Zn methionine, plasma Zn levels
were approximately 22 and 12% higher than predosing levels
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at 12 and 24 h postdosing, respectively.

In the present

experiment, blood collections were terminated at 12 h
postdosing.

In retrospect, collecting blood up to 24 h

postdosing may have provided a more comprehensive response
in serum Zn levels following dosing.

The data suggests

that serum Zn levels were just reaching their peak
approximately 12 h postdosing; therefore a second
alternative would be to abomasally infuse Zn thus
circumventing a delay in Zn delivery to the small
intestine.
Results of this experiment suggest that:
1. increasing the dietary concentrate level increased
bacterial Mg and Zn flow.
2. increasing the dietary concentrate level decreased
ruminal Zn absorption but had no affect on ruminal Mg
absorption.
3. increasing the dietary concentrate level increased
pH'hours which was positively correlated with intestinal
flow of bacterial Mg and Zn and negatively correlated with
ruminal Zn absorption.
4. increasing the dietary concentrate level had no
effect on soluble intestinal flow of either Mg or Zn.
Implications
Because a large proportion of the Mg and Zn consumed
by these lambs appeared to be associated with the insoluble
fraction (undigested feed and microorganisms), further work

should be implemented to study the ultimate availability of
Mg and Zn associated with these fractions.

Accurate

estimates of intestinal flow of microbial minerals are
needed so the proportion of the daily mineral intake that
becomes microbial mineral can be determined.

Apparently

the amount of microbial minerals passing out of the rumen
are influenced by dietary concentrate level; therefore
mineral requirements of ruminants may vary depending on the
composition of the ration being consumed.

CHAPTER VI
EFFECTS OF DETERGENT AND PROTEASE-ACID TREATMENTS
ON THE RELEASE OF ZINC FROM RUMINAL BACTERIA EXPERIMENT 3
Results and Discussion
The amounts of Zn associated with the protozoan,
bacterial and soluble Zn fractions of SRF were indicative
of the Zn intake of the animal (Table 11).

Durand and

Kawashima (1980) reported that increasing dietary levels of
Zn resulted in higher concentrations of Zn associated with
microbial DM.

The detergent CTAB has been used effectively

to lyse cells of mixed bacterial populations found in the
rumen (Rodriguez et al., 1986).

Therefore in Experiment 3,

CTAB was used in an effort to release into solution the
intracellular Zn content of isolated bacterial cells so
that cell wall associated Zn might be estimated.
Percentages (based on total SRF Zn) of Zn associated with
the bacteria were greater after the CTAB treatment and
possibly suggests that CTAB precipitated some of the Zn in
solution.

Bremner (1970) reported that 32% of the Zn

remained insoluble after insoluble residues from the rumen
were extracted with sodium dodecyl sulfate at pH 6.5.
However,

in the same experiment only 16% and 6% of the Zn

remained insoluble after extraction of abomasum residues
with sodium dodecyl sulfate (pH 3) and CTAB (pH 3),
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TABLE 11. INFLUENCE OF PEPSIN-HC1 ON ZINC RELEASE
FROM ISOLATED RUMINAL BACTERIA CELLS
Item
Total SRF Zn, uga
Protozoan Zn, ugb

Low Zn

High Zn

358.7

5117.8

199.5

2963.0

% of total SRF

55. 6

57.9

Soluble Zn, ugc

109.6

989.0

% of total SRF

30.6

19.3

Bacterial Zn, ugd

41.5

1320.5

% of total SRF

11. 6

25.8

Pepsin-HCl labilee
Bacterial Zn, ug
% of initial bacterial Zn

0

63.8

100

95.0

aTotal Zn in SRF.
bAmount of Zn in protozoan fraction
(Total Zn - 650 x g supernatant Zn).
cAmount of Zn in 25000 x g supernatant fraction.
dAmount of Zn in bacterial fraction
(650 x g supernatant Zn - 25000 x g supernatant Zn).
eZn released into solution following treatment.
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respectively.

Therefore, it seems that extracting the

bacteria with CTAB at a low pH may have been a more
effective means of releasing intracellular Zn by preventing
insoluble complex formations from occurring.

However, the

low pH possibly would have released Zn bound to the cell
wall as well.
The pepsin-HCl treatment was included to mimic abomasal
conditions that ruminal bacteria are normally subjected to
postruminally.

This treatment appeared to be very effective

as bacterial associated Zn was 0 and 1.2% of the total Zn in
the SRF after treatment, for the low and high Zn intake,
respectively.

Further, 100 and 95% of the original

bacterial Zn (i. e. before treatment) was released into
solution as a result of the pepsin-HCl solution.

As

mentioned previously, a large amount of Zn is nonspecifically bound to the bacterial cell walls and may be
released when subjected to a low pH environment.

The pH of

these treatments were 2.0 and 1.9 for the low Zn and high Zn
intake, respectively.

Previous results have shown Zn to be

highly concentrated in ruminal microorganisms and results
from Experiment 2 show that 42 to 86% of the Zn intake was
associated with insoluble Zn flow to the intestine.
Therefore, large quantities of dietary Zn reaching the lower
tract daily may be associated with the insoluble fraction of
which is primarily bacterial Zn.

However, it would appear

that much of the bacterial-associated Zn is available to the

77
animal postruminally as evidenced by the large quantities of
Zn released from bacterial cells when subjected to the
pepsin-HCl treatment.

However, in vivo, a substantial

portion of microbial cells are likely to escape degradation
and remain intact; therefore the amount of Zn that remained
associated with these intact bacterial cells may be
insoluble and possibly unavailable for absorption.

In

contrast, Bremner (1970) reported that Zn and Mn did not
appear to be complexed in the acid environment of the
abomasum, duodenum and upper jejunum.

Therefore, it is

plausible that large increases previously observed in
soluble Zn concentrations between the rumen and the small
intestine (Bremner, 1970; Ivan and Veira, 1981) may result
from solubilization of bacterial Zn in the low pH
environment of the abomasum.

There has been previous

speculation that microbial association of minerals may
influence the availability of the minerals postruminally
(Durand and Kawashima, 1980; Price and Chester, 1985).
Using rats, Price and Chesters (1985) demonstrated that when
different isolated fractions of ruminal contents were fed,
ruminal microbial Cu was less available relative to ruminal
soluble Cu.

However, the bacterial fraction remained the

main contributor to the available Cu pool in the duodenum.
This is likely the result of the solubilization of high
amounts of Cu that can be associated with the bacterial
fraction.

Bremner (1970) reported data suggesting that 55%
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of the total Cu in the abomasum was associated with
bacteria.

Further, Price and Chesters (1985) reported that

Cu from duodenal contents was more available compared with
the Cu from ruminal contents, and suggested the low pH
conditions of the abomasum may have increased Cu
availability in the duodenal fraction.
Results of this experiment suggest that:
1. the CTAB treatment was not effective in releasing
intracellular Zn from bacteria cells.
2. virtually all of the Zn associated with the bacteria
cells was released as a result of the pepsin-HCl treatment.
Implications
The CTAB should not be used in an experiment designed
to estimate bacterial cell-wall associated minerals.
Exposure of bacteria to pepsin-HCl in this experiment was
more extensive than what might actually occur in vivo.
However, these results did indicate that the release of
bacterial Zn was sensitive to this treatment which suggest
that bacteria may contribute significantly to the available
Zn pool in the small intestine.

Therefore, efforts

directed towards the synthesis of a chelate that prevents Zn
uptake by ruminal microorganisms may not be justified if a
large amount of bacterial Zn is available prior to the
primary absorptive sites located in small intestine.

\

CHAPTER VII
SUMMARY AND GENERAL CONCLUSIONS
Supplemental Zn presented to the rumen appeared to be
largely insoluble or became rapidly associated with
microbial and particulate fractions of WRC.

Further, the

fluid microbial population accounted for approximately 5
times more potentially soluble Zn in the rumen compared with
the cell-free fraction.

Since microbial DM was 2 to 4 times

more concentrated with Zn than the particulate matter, most
of the added Zn may be concentrated in microorganisms of the
fluid and particle fractions.

The concentration of Zn in

fluid microbial DM of steers supplemented with PC-Zn was 32%
higher than steers fed ZnO.

This would suggest that PC-Zn

was not resistant to microbial incorporation and would
appear not to be a viable alternative to ZnO, in this
respect.

Data further suggest that PC-Zn was more soluble

in ruminal fluid than ZnO.

Over the sampling period, cell-

free Zn concentrations were 115% higher for PC-Zn than ZnO,
which may indicate, as with other nutrients, microbial
uptake of Zn may be a function of soluble Zn concentrations
in the rumen.
The Zn concentration of fluid microbial population was
higher compared with the particle microbial population
possibly indicating Zn requirement or availability between
populations is different.

Further, there has been
79
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considerable speculation on the role cationic metals may
have in bacterial attachment to feed particles.

It would be

of interest to quantify attachment of microorganisms to feed
particles in ruminants fed different levels of Zn or other
cationic metals.
While not affected by Zn source, microbial DM
production was significantly different between microbial
populations with the, particle population being 35% higher
compared with the fluid population.

Although limited,

measurements of microbial mass associated with fluid
population indicated that supplemental Zn was necessary to
maintain ruminal microbial mass 6 to 8 h postfeeding.
A major premise for adding RFC to the ruminant diet is
to enhance Mg absorption from the rumen by increasing the
concentration of soluble Mg.

This rationale is justified if

the lower pH conditions of the rumen inhibit insoluble
complex formation between Mg and potential ligands, and
soluble concentrations of Mg is directly related to
availability.

While indices employed to evaluate pH

reflected dietary concentrate level, increasing C:F, did not
significantly alter either ruminal absorption of Mg or
soluble concentration of Mg.

However, ruminal Mg absorption

was negatively correlated with bacterial Mg flow, suggesting
that microbial association with Mg may have limited Mg
uptake by decreasing the soluble concentration of Mg in the
rumen.

While intestinal flow of bacterial Mg was
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overestimated in this experiment, large numerical increases
of Mg in the bacterial DM with increasing C:F were observed.
Consequently, a possible barrier to future determination of
intestinal flow of bacterial minerals may be in the marker
technique used to estimate intestinal flow of bacterial DM.
Possible improvements in quantification of intestinal flow
of microbial minerals could involve future studies that
compare the various techniques for estimation of intestinal
flow of bacterial DM.

One alternative would be to use

diaminopimelic acid which is a bacteria-specific marker.
Ruminal Zn absorption increased in a linear fashion
with increasing C:F and showed a strong negative correlation
with intestinal flow of bacterial Zn.

Bacterial Zn flow

appeared to be slightly overestimated as measured intestinal
flow of bacterial Zn was greater than flow of insoluble Zn
for all treatments.
As with Mg, increased bacterial uptake of Zn may have
reflected increased mineral solubility with decreasing pH.
In addition, the higher soluble concentrations of Mg and Zn
that likely occurred with increasing C:F, may have been
negated by the rapid uptake and accumulation of Mg and Zn by
the microorganisms in the rumen.
Increasing the C:F in the present study resulted in
linear increases in total VFA concentrations and microbial N
flow and a linear decline in ruminal NDF digestibility.
However, these type of responses are typical for the diets
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fed in this study.

Greater microbial production on higher

concentrates diets may have resulted in greater amount of
intestinal flow of microbial Mg and Zn.

In addition, higher

uptakes of Mg and Zn by ruminal bacteria may have occurred
in response to a greater demand for these minerals due to
increased metabolic activity as C:F increased.
Apparent total tract absorption of Mg responded in a
linear fashion and increased with increasing C:F.

Although

intestinal flow of bacterial Mg appeared to increase with
C:F, microbial intervention did not appear to affect Mg
absorption.

Reciprocally, the lower Mg absorption

associated with the higher forage diets may be due to the
greater amount of fiber present in the digestive tract.
Large negative values of total tract Zn absorption observed,
strongly suggest net secretion of Zn.
Results from Experiment 3 suggest CTAB was not
effective in releasing intracellular Zn in the conditions of
this experiment.

Because CTAB appeared to precipitate a

portion of the soluble Zn released from the bacteria, an
estimate of Zn associated with the cell wall could not be
determined.

However, it appeared that virtually all the Zn

associated with the bacteria was released when the bacteria
were subjected to abomasal-like conditions in vitro.
Consequently,

it seems that once bacteria are subjected to

the abomasum, at least for Zn, a large proportion of
bacterial-associated minerals may be released and made
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available for absorption or re-complexation to insoluble DM
in the small intestine.

A future study involving feeding

isolated bacteria to the chick or the rat and determining
bioavailability of specific minerals is needed in order to
fully understand the fate of microbial sequestered minerals
in the lower digestive tract.

Using a growth assay to

evaluate the relative bioavailability may be a viable
approach; however, isolated bacteria with insignificant
levels of Zn should be included as a treatment to ascertain
if ruminal microorganisms possess unidentified growth
factors that could confound the interpretation of results.
A possible alternative, would be to identify another
response criteria (e.g. an enzyme system), that is
independent of growth rate.
Results of this study suggest that:
1. added Zn was insoluble or became rapidly associated
with the insoluble material in the rumen.
2. ruminal microorganisms concentrated Zn and Mg
several fold higher than the dietary levels of these
minerals.
3. most of the dietary Mg and Zn was contained in the
insoluble DM which was primarily microbial Mg and Zn.
4. Zn concentrations of all fractions isolated from WRC
were higher in steers dosed PC-Zn than those dosed with ZnO.
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5. fluid microbial DM was higher in Zn and total ash
concentration when compared with the particle-associated
microbial DM.
6. microbial DM production appeared to be higher in Zn
supplemented steers compared with steers receiving no Zn
supplementation at the later sampling times.
7. increasing the dietary concentrate level increased
intestinal flow of bacterial Mg and Zn.
8. increasing the dietary concentrate level decreased
ruminal Zn absorption but had no effect on ruminal Mg
absorption.
9. increasing the dietary concentrate level increased
pH'hours which was positively correlated with intestinal
flow of bacterial Mg and Zn and negatively correlated with
ruminal Zn absorption.
10. increasing the dietary concentrate level had no
effect on intestinal flow of either soluble Mg or soluble
Zn.
11. the CTAB treatment was not effective in releasing
intracellular Zn from bacteria cells.
12. virtually all of the Zn associated with bacteria
cells was released as a result of the pepsin-HCl treatment.
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APPENDIX

INTESTINAL FLOW OF TOTAL AND BACTERIAL
CALCIUM, COPPER AND MANGANESE IN LAMBS FED
INCREASING LEVELS OF CONCENTRATE
Concentrate:Forage
Item

14:86

43:57

71:29

SE

Calcium
Intestinal flow, mg/d
1096.0 1289.0 1782.9

81.6

431.5

585.0

726.0

42.9

3.4

4.7

5.1

.2

.9

2.4

3.5

.3

Total3

42.3

38.4

27.0

2.9

Bacterial6

13.7

38.4

27.0

1.5

Total3
Bacterial3
Copper
Intestinal flow, mg/d
Total3
Bacterial3
Manganese
Intestinal flow, mg/d

aLinear effect (P < .01).
bQuadratic effect (P < .01).
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